We have employed the density functional theory plane-wave pseudopotential method with local density approximation and generalized gradient approximation to investigate the structural, elastic and mechanical properties of the intermetallic compound NiGa. The calculated equilibrium lattice constant and bulk modulus are in good agreement with the experimental and other calculated values. According to our best knowledge, from the elastic constants, the bulk modulus B, anisotropy factor A, shear modulus G, the Young modulus E and the Poisson ratio σ for NiGa compound are obtained for the first time. By comparison, our results for the elastic constants Cij, bulk modulus B, shear modulus G and the Young modulus E are as good as those of NiAl compound. The dependences of the elastic and mechanical parameters of NiGa compound on pressure were also investigated. It was found that the cubic NiGa compound is mechanically stable under pressure according to the elastic stability criteria up to 13 GPa, and it is not elastically isotropic. By analyzing the ratio (B/G), it was concluded that NiGa compound is ductile in nature.
Introduction
Many investigations on the Ni-Ga phase diagram have been performed and many intermetallic compounds were reported in this system (Ni-Ga) such as α -Ni 3 Ga, β-NiGa, γ-Ni 13 Ga 7 , δ-Ni 5 Ga 3 and ε-Ni 3 Ga 2 [1] [2] [3] . In the last years, intermetallics were of particular interest, both from the point of view of their fundamental properties and their practical applications as materials with excellent chemical, mechanical and physical properties. Some intermetallics are interesting functional materials, others have attracted attention as structural materials for hightemperature applications [4] . Literature survey reveals that the NiGa intermetallic compound is less reported.
In order to fully take advantage of the properties of NiGa intermetallic compound for more technological applications, theoretical explorations of the structural, elastic and mechanical properties are necessary. In this paper, therefore, we present a systematic study on the equilibrium structure, elastic constants, and mechanical parameters of NiGa compound. Then the elastic constants were calculated under pressure and the mechanical stability was evaluated by using first-principles calculations based on density functional theory. The rest of the paper is organized as follows: the computational method is given in Sect. 2. The numerical results and discussion are given in Sect. 3, and finally a conclusion is presented in Sect. 4.
Computational method
In this study, first-principles calculations are performed with the plane-wave pseudopotential (PW-PP) * corresponding author; e-mail: sd.boucetta@gmail.com total energy method as implemented in the Cambridge Serial Total Energy Package (CASTEP) simulation program [5] . This is based on the density functional theory (DFT) [6, 7] . The approximations: local density approximation (LDA) developed by Ceperley and Adler and parameterized by Perdew and Zunger [8, 9] , as well as the generalized gradient approximation (GGA) with the new functional of the Perdew-Burke-Ernzerhof (PBE), known as PBE for solids (PBEsol) [10] , are made for electronic exchange-correlation potential energy. The Coulomb potential energy caused by electron-ion interaction is described using the Vanderbilt-type ultra-soft scheme [11] , in which the orbitals of Ni (3d 8 4s 2 ), Ga (3d 10 4s 2 4p 1 ), are treated as valence electrons. The cutoff energy for the plane-wave expansion was 300 eV and the Brillouin zone sampling was carried out using the 10 × 10 × 10 set of the Monkhorst-Pack mesh [12] . The structural parameter (a) of NiGa was determined using the Broyden-Fletcher-Goldfarb-Shenno (BFGS) minimization technique [13] . This method usually provides the fast way of finding the lowest energy structure.
In the structural optimization process, the energy change, maximum force, maximum stress and maximum displacement are set as 1.0 × 10 −5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 0.001 Å, respectively.
Results and discussion

Structural properties
The atomic structure of NiGa compound crystallizes in a cubic lattice of CsCl-type structure with the space group P m-3m (221) and the equilibrium lattice parameter has a value of 2.886 Å [14] . The initial unit cell structural model of the NiGa compound is built according to the experimental data, where the nickel atom (Ni) is positioned at (0,0,0) and the gallium (Ga) atom is positioned at (1/2,1/2,1/2) [14] , as shown in The results of calculated lattice parameter a of NiGa compound using the PP-PW method within both the LDA and the GGA approximations are listed in Table I , along with the available experimental and theoretical data. From Table I , the calculated lattice constant a is only 0.87% smaller than the experimental value using LDA and it is only 0.31% higher than the experimental value using the GGA-PBEsol. Our calculated equilibrium lattice parameter a is in excellent agreement with the experimental data and it is quite equal to the experimental value in Ref. [15] from GGA-PBEsol calculation. 
Elastic and mechanical properties
The elastic constants were determined from a linear fit of the calculated stress-strain function according to the Hooke law [16] . The cubic crystal has three independent elastic constants, C 11 , C 12 and C 44 . The bulk modulus B is related to the elastic constants by
In Table II , the calculated elastic constants and the bulk modulus of NiGa at zero pressure are presented.
To the best of our knowledge, there are no experimental and other theoretical data in literature for the elastic constants (C ij ) of NiGa for comparison, so we consider the present results as prediction study which still awaits an experimental confirmation. We have included in Table II some experimental data of NiAl compound for comparison [17] . The C 11 , C 12 , C 44 and B obtained within GGA and LDA are much closer to the experimental values of NiAl. The Zener anisotropy factor A of NiGa compound is calculated by the following equation [18] :
As shown in Table II , the calculated Zener anisotropy factor is larger than 1, which indicates that this compound is higher elastic anisotropic. The elastic constants C ij are estimated for monocrystal NiGa. However, the prepared materials are in general polycrystalline, and therefore it is important to evaluate the corresponding moduli for the polycrystalline phase. For this purpose we have applied the Voigt-Reuss-Hill (VRH) approximation [19] [20] [21] . For the cubic system, the Reuss and Voigt bounds on the shear modulus are given by
Finally, the VRH mean value is obtained by
We also calculated the Young modulus E and the Poisson ratio σ which are frequently measured for polycrystalline materials when investigating their hardness. These quantities are related to the bulk modulus and the shear modulus by the following equations [22] :
The shear modulus G, the Young modulus E and the Poisson ratio σ for NiGa compound, calculated from the elastic constants are also listed in Table II . The results demonstrate that the NiGa intermetallic compound is stiffer in terms of bulk, the Young and shear modulus. The ratio B/G is a simple relationship related to brittle or ductile behaviour of materials; it has been proposed by Pugh [23] . A high B/G ratio is associated with ductility, whereas a low value corresponds to the brittleness. The critical value separating ductile and brittle material is 1.75. The calculated results are listed in Table II . The results indicate that NiGa can be classified as ductile material at zero pressure.
High pressure behaviour of NiGa compound
In order to investigate the high pressure behaviour of NiGa compound, we have optimized the structural pa-rameter of its cubic lattice at different pressure up to 20 GPa. As a very good agreement between experimental data and calculated results, we still used GGA approximation in this study. We next evaluate the dependence of the elastic constants on hydrostatic pressure. In Fig. 2 , we present the variation of the elastic constants (C 11 , C 12 and C 44 ) and the bulk modulus B of NiGa with respect to the variation of pressure from 0 to 20 GPa. Fig. 2 . GGA pressure dependence of the elastic constants C11, C12 and C44 and the bulk modulus B for NiGa compound.
We observe a linear dependence in all curves in the considered range of pressure. It is easy to observe that the elastic constants C 11 , C 12 , C 44 and the bulk modulus B increase when the pressure is enhanced in this compound. The C 11 is the most sensitive constant to the hydrostatic pressure, whereas C 44 is the least sensitive one.
For a cubic crystal under pressure P , the generalized elastic stability criteria [24, 25] are
The obtained results are depicted in Fig. 3 . As shown in Fig. 3 , these criteria are satisfied only when the pressure is smaller than 15 GPa. Consequently this compound is mechanically stable up to 13 GPa and it is unstable mechanically above 13 GPa. Please use different -y axis for the K.
The Zener anisotropy factor A of NiGa compound is calculated at various pressures and the results are shown in Table III . As a result in Table III , it can be seen that NiGa compound exhibits highest elastic anisotropy with increasing pressure. The shear modulus G, and the Young modulus E of NiGa at various pressures are also calculated and the results are listed in Table III . It can be seen from Table III that the pressure affects significantly the G and E moduli. The results indicate that the values of G and E increase with the increase of pressure. It is interesting to point out that the NiGa compound has a strongest mechanical behaviour. We also studied the effect of pressure on the B/G ratios and the results are listed in Table III . It can be seen that the B/G ratios increase with an increase in pressure. As shown in Table III , it is clear that NiGa compound remains in a ductile manner and it has larger ductility under high pressure than ambient pressure. 
Conclusion
In this paper, the ground state properties as well as the high pressure behaviour of NiGa intermetallic compound have been studied by means of the density functional theory plane-wave pseudopotential method, within the LDA and GGA. The calculated equilibrium lattice parameter and bulk modulus of NiGa compound are in good agreement with the available experimental and theoretical data. By comparison, it is found that the GGA calculated results of elastic constants C 11 , C 12 , C 44 , and the bulk modulus B are as good as those for the NiAl experimental values. The computed results of the born stability criteria indicate that NiGa compound is mechanically stable up to 13 GPa. It is found that the Zener factor A suggests that NiGa compound exhibits high elastic anisotropy at various pressures. The isotropic bulk modulus B, shear modulus G and the Young modulus E of the NiGa compound were determined using the VRH averaging scheme. The results indicate that NiGa has the strongest mechanical behaviour. It is found that the NiGa compound remains in ductile nature in the entire pressure range studied. Our results suggest there are potential technological applications of such material in extreme environments.
